We propose an alternative scheme to implement a two-qubits Controlled-U gate in the hybrid system atom-CCA (coupled cavities array). Our scheme results in a constant gating time and, with an adjustable qubit-bus coupling (atom-resonator), one can specify a particular transformation U on the target qubit. We believe that this proposal may open promising perspectives for networking quantum information processors and implementing distributed and scalable quantum computation.
I. INTRODUCTION
For a distributed quantum information processing in a quantum computer with practical applications, the coupling between different sub-systems (a large ensemble of qubits) is essential for realizing an efficient quantum communication and for implementing controllable and distributed quantum gates.
Cavity quantum electrodynamics systems (cQED), which combine atomic and photonic quantum bits, have attracted much attention because of its low decoherence rate and promising feasibility to scale up. Coupled cavities array has the advantage of easily addressing individual lattice sites with optical lasers. Furthermore, the atoms trapped in the resonators may have relatively longlived atomic levels for encoding quantum information.
Schemes have been proposed for quantum communication [1] and generation of maximally entangled states [2] between two atoms trapped in distant optical cavities connected by an optical fiber.
Furthermore, quantum logic gates [3] based on cavity QED system have been extensively investigated over the recent years. In particular, the scheme proposed by Zheng and Guo [4] has already been realized experimentally with a micromazer cavity and long-lived Rydberg atoms [5] .
In this work, we investigated the implementation of a two-qubits Controlled-U gate in the hybrid system atom-CCA (coupled cavities array). The proposal is based on single qubit operations and an unconventional geometric phase on two identical three-level atoms, strongly driven by a resonant classical field [6, 7] , trapped in distant cavities connected by an optical fiber. Our scheme results in a constant gating time (which depends on the experimental parameters) and, with an adjustable qubit-bus coupling (atom-resonator), one can specify a particular transformation U on the target qubit. * Electronic address: yabuuti@ifi.unicamp.br † Electronic address: roversi@ifi.unicamp.br
II. BASIC THEORY
Before the controlled-U gate implementation, it is worth discussing some of the basic theories.
A. CCA and the strongly driven Jaynes-Cummings model
Consider two identical three-levels atoms trapped in distant cavities connected by an optical fiber, as shown in Fig.1 . In the short fiber limit the coupling between the cavity modes and fiber is given by the Hamiltonian [1] ,
whereb is the annihilation operator for the fiber mode, a † j is the creation operator for the jth cavity mode, ν is the cavity fiber coupling strength, and ϕ is a phase due to propagation of the field through the fiber.
Each atom has one excited (intermediate) state |i and two ground states |1 and |0 (the logical qubits). The transition |i ↔ |1 (frequency ω 1i ) is coupled to the cavity mode with the coupling constant g and detuning δ = ω c − ω 1i . Furthermore, the same transition is driven by a resonant classical field with Rabi frequency Ω 1i . As the state |0 is not affected during the interaction, the atom-field interaction in cavity j in the interaction picture is described by the Hamiltonian,
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2b) with frequency ω c and ω c ± √ 2ν. The whole Hamiltonian in the interaction picture can be rewritten as,
where,
We now switch to a new atomic basis
and perform the unitary transformation U = e −iH0t/ , that results in [6, 7] ,
whereσ zj |± j = ± |± j andσ ±j |∓ j = |± j . For a strong cavity-fiber coupling ν >> g and intense driving regime Ω >> g, δ, we can neglect the terms oscillating fast,
The evolution operator for Hamiltonian (7) can be written as [8] ,
in order to find the time dependent functions A and B we can use the Schrdinger equation and obtain,
When the interaction time satisfies t = τ = 2π/δ, the whole evolution operator of the system can be expressed as,
. It is evident that such an evolution operator is independent of the cavity mode, which means that the atoms get insensitive to the thermal fluctuation.
B. Microwave and optical pulses
Consider a particular atomic transition |i ↔ |j (|i is the lower energy level) driven by a resonant classical (optical or microwave) pulse. The interaction Hamiltonian in the interaction picture is then given by,
in which Ω ij and φ are the rabi frequency and the initial phase of the pulse, respectively. From the Hamiltonian (11) it is easy to find the following state rotation due a pulse of duration t [9] ,
III. CONTROLLED-U GATE IMPLEMENTATION
Previously we had introduced two types of interactions of qubit systems with a cavity mode and/or pulses. Here such a background will be employed for the gate implementation.
Initially the atoms are in one of the computational basis states {|0 1 |0 2 , |0 1 |1 2 , |1 1 |0 2 , |1 1 |1 2 } (the first qubit is the control and the second one is the target qubit) and the CCA system is prepared in the vacuum state |0 c . Indeed, in the ideal case, the CCA system can be in any state.
We propose that a controlled-U gate can be implemented through the following operations:
• STEP 1: Apply a microwave pulse (with a frequency ω 01 and φ = −π/2) in the target qubit for Ω 01 t 1 = π/4. Such a single qubit operation create a superposition state,
• STEP 2: Apply an optical pulse (with a frequency ω 1i and φ = π/2) in both qubits for Ω 1i t 2 = π/4. After the pulse, we have |1 j → |− j .
• STEP 3: Turn on the atom-field interaction as described in section II A for t 3 = τ = 2π/δ and Ω 1i = 50δ,
• STEP 4: Repeat the operation of step (2) which now results in |− j → − |i j ,
• STEP 5: Apply an optical pulse (with a frequency ω 1i and φ = −λτ − π/2) in both qubits for Ω 1i t 4 = π/2 which results,
• STEP 6: Repeat the operation of step (1) but with φ = π/2.
The states of the two qubits (atoms) after such a procedure are,
with,
which implies that if and only if the control qubit is in the state |1 a unitary transformation (that can be appropriately chosen varying the atom-field coupling strength) is performed on the target qubit and nothing happens otherwise. Moreover, such an operation is implemented in a constant time given by,
that depends only on experimental parameters.
IV. DISCUSSION
In summary we have described a multi-step protocol for implementing a controlled-U gate for two atoms in separate cavities connected by an optical fiber.
In contrast to a previous proposal [10] , our scheme is implemented in a constant gating time and, with an adjustable qubit-bus coupling (atom-resonator), one can specify a particular transformation U on the target qubit.
Choosing experimental parameters such as Ω 01 = 10δ, Ω 1i = 100δ and δ ∼ = 1GHz (in agreement with previous works [11, 12] ) we can achieve a total operation time of t tot = 3, 3ns (disregarding delays between the steps), which is considerably small in comparison with to previous proposal [10] .
The combination of fiber-based cavities and atom-chip technology is a promising candidatefor the implementation of our proposal. In such a system, each atom (or atom cloud) can be strongly coupled to the cavity mode and positioned deterministically anywhere within the cavity giving rise to a controlled, tunable coupling rate [13] with a high single-atom cooperativity factor of g 2 /2κγ = 145, where κ is the cavity photon decay rate and γ is the atomic spontaneous emission rate.
Two important issues deserve considerations:(i) a more rigorous study of the influence of dissipation on the proposal, especially in step 3; (ii) an analysis of errors during the execution of the protocol, especially in step 5.
Even without a tunable constant coupling g, one can still implement a controlled-U gate by varying the interaction time in step 3 (t 3 = τ n = 2πn/δ), but then the set of available transformation U is only a discrete set.
